Abstract: Over 55% of stoma patients suffer complications such as dehydration. Outcomes 14 may be improved through communicating stoma output data to the patient and their clinical 15 teams. Past artificial neural networks to improve accuracy in fluid level sensing were 16 designed to account for 'slosh' caused by variable acceleration in one or two axes of 17 movement. This paper describes the development of a novel sensor platform for non-18 invasive monitoring of stoma output in real time through incorporating a volumetric array 19 consisting of thermistors and capacitive sensors into an ostomy appliance. Stoma output 20 which exits the body at core temperature passes into a stoma appliance in a pattern which is 21 dictated by water content, existing effluent within the bag and distortion of the usual bag 22
Introduction

31
Abdominal surgery, which may be done in emergency or elective situations, frequently 
52
Leakage from over-full appliances results in skin complications, which can range from mild 53 cutaneous inflammation to significant ulceration and are observed in 18-55% of stoma patients 54 [8] . Peristomal skin problems account for more than 1 in 3 visits to ostomy nurses and early 55 intervention can prevent complications and improve outcomes for the patient [9] .
56
The cumulative impact of the complications listed above also imparts a significant burden 
62
Although some tools exist, there remains a lack of validated and reliable measures of 63 peristomal complications [9] . Equally, efforts to improve outcomes in ostomy patients have
64
focused on education and self-management, often involving manual measurement of stoma 65 output which is unacceptable to many [11] . As a result, patients and healthcare professionals 66 struggle to measure stoma output and monitor skin condition accurately.
67
Advances in sensor technology and mobile connectivity raise the prospect of continual 68 background monitoring of stoma function. Previously, we designed, fabricated and tested a 69 wireless, flexible and adherent sensor with Bluetooth connectivity capabilities for measuring 70 volume output in ostomy patients [12] . The volume sensor is a flexible polymer strip embedded 71 with conductive materials. When a known voltage is applied to the strip, the resistance can be 72 measured. As the strip is flexed, the conducting particles become further apart, increasing the 3 of 20 resistance of the circuit through a piezoelectric effect. We were able to demonstrate that a flexible 74 external sensor, affixed to the outside of a stoma bag and wirelessly connected to a patient's 75 smartphone can accurately and reproducibly measure stoma output [13] . The device was also 76 found to be acceptable and usable to patients with newly formed ileostomy [14] .
77
A limitation of the flexible sensor approach is that it requires the volume of the patient's 78 stoma bag to be known. In addition, this method is susceptible to noise and cases were seen 79 where it markedly affected the accuracy of the output recording. Noise was greatest during 80 physical activities and during bag placement. Despite these limitations, it was estimated that such 81 a device could provide a cost saving against current treatment methods up to 33% [15] .
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In this work we propose and develop a novel sensor platform for the non-invasive 
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If mounted on the external layer of a plastic fluid receptacle, the wall of the receptacle becomes 120 the dielectric material. When the receptacle is empty the capacitance will be high. When fluid comes
121
into contact with the layer directly on top of the electrode it forms a simple parallel plate capacitor.
122
In this condition the capacitance will drop providing a measurable event that can indicate the 
151
As an initial proof of concept, simulated stoma output (oatmeal and apple sauce) was infused 
159
The boundary was still visible 5 minutes after the infusion finished; the path that the effluent flowed 
Development of a volumetric array: proof of concept
165
The validity of using a thermistor array, externally mounted, to determine dynamic episodes of 
214
The mounting on the bag was done via a pre-applied 3M adhesive on the capacitive sensor flex 215 board, which allowed this board to be directly adhered to the outer layer of the bag. 
Communication Protocol
253
The 
285
We therefore developed a machine learning algorithm to account for the type of output and 286 calculate a reliable volume. For the purposes of processing this data, we selected a static feed-
287
forward neural network to account for both the data from thermistors and capacitive sensors. This dataset was used to train the model. Below is the schema for multilayer perceptron 305 architecture designed for that task. It has one input layer and 2 hidden layers of reducing size.
306
The output layer is a single neuron (which is the output volume). Figure 13 illustrates the 307 multilayer perceptron architecture designed for volumetric prediction based on sensor signal. 
Testing on Existing Ileostomy Patients
335
Eleven existing ileostomy patients (7F, median age 33) were recruited to a single center. Data
336
was collected prospectively, and the device performance was described. Participants wore the fully 337 integrated and wirelessly connected smart stoma bag for up to 7.5 hours (median 3.0 hours) and all 338 stoma output was recorded at the point of bag drainage. To mimic real-word conditions, participants
339
were permitted to eat and drink ad-libitum, and could drain their stoma bag when 50% full or greater.
340
Although exhaustive exercise was prohibited, there were no restrictions on position, movement or 341 physical activity. The primary outcome was validation of the algorithm to calculate stoma output 342 volume from thermal and capacitive measurement within the SmartBag system.
343
A total of 51.6 bag hours of data were collected. In this time 3139ml of stoma output was 
357
The theoretical concept of using thermal and capacitive measurement to determine the wall of a rigid structure [21] . A combination of thermal and capacitive sensing has not previously 367 been described in volumetric sensing applications. Furthermore, no prior approach to sensor 368 deployment has ever been shown to be consistently accurate when mounted to a flexible receptacle 369 such as a stoma appliance.
370
We previously reported the use of flexible piezoelectric sensors that have been attached to the 371 outside of a stoma bag. As the strip is flexed, the conducting particles become further apart,
372
increasing the resistance of the circuit. The device in-situ can be seen in Figure 16 . 
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The solution described here, overcomes these problems by employing two sensing modalities
382
and an artificial neural network to determine accurate volume of bag content in real time, whilst 383 adding to a cumulative total only when a drain is detected.
384
The ileostomy population suffers disproportionate morbidity, particularly with regards to 
